Abstract-The wireless communications in a tree canopy is essential for pre-harvesting control of fruit productions.
INTRODUCTION
Wireless sensor network which sensor nodes monitor object and send the measured signals via sensor nodes to the master node to monitor, control, activate, etc.. It has played an important role in various applications, e.g., civilian, medical, agricultural, military, etc. [1] [2] [3] . In agricultural applications, it is essential in quality control of fruit production. For instance, a microwave sensor has been installed on Durian fruit [4] for monitoring ripeness. Then, signals corresponding to ripeness are sent from fruits on a tree to a tree node on such tree and the master node, respectively, to warn growers to harvest at the appropriate time. In order to design the system to operate successfully with minimum power consumption to yield the longest operation time, channel characteristics of wireless communications in a tree canopy is desirable. The information of path loss exponent, including antenna installation is necessary.
A number of channel models for wireless communications through the trees have been conducted, either theoretically [5] [6] [7] [8] or experimentally. The theoretical models have the advantage that it is not necessary to setup experiment but it needs computation intensive and is difficult to model since the channel is random. The experimental model requires a large number of experiments but it can provide information of the real situation. For experimental investigations, fading of radio channel at 800/900 MHz through moderately dense foliage were measured [9] . Propagation losses due to foliage at various frequencies that enabled one to know margin in reliable system design and cost effective deployment was investigated [10] . Effect of tree motions that found uncertainty accounted with the predicted coverage was investigated in [11] . Radio channel at various frequencies from 2 GHz to 60 GHz was measured and found that distributions at different frequencies are different due to different electrical size of leaves and branches [12] . This work is important to the design of smart receiver/transmitter that compensates or pause the data transmission when the fade is detected.
For environmental effects, effects of wind on scattering from vegetation at cellular phone frequencies and on line-of-sight channel obstructed by foliage have been investigated in [13, 14] , respectively. Large and rapid signal fading occur from tree motions and high gain directive antennas were recommended to mitigate multipath fading. Signal propagated through two different tree shapes and sizes were measured [15] . By taking effect of wind into account, signal variation varies corresponding to wind speed and period of fading can be predicted by second-order statistical analysis. The effects of rain investigated in [16] exhibits significant attenuation at frequency higher than 5 GHz. It was shown that dominant component resulting from lateral waves is not affected by the rainy weather conditions. The accumulation of the rain water on the scatters such as the randomly distributed leaves, branches and tree trunks in the forest, produces a significant multipath component.
Signal strength at 240 MHz and 700 MHz through palm trees was measured to establish a channel model [17] . The Rician distribution was used to interpret the physical meaning and estimate the line-ofsight and non-line-of-sight components. They described the Rician k-factor decreases as the strength of either wind or rain increases for high frequencies due to motion of branches and leaves. Furthermore, the k-factor at 700 MHz is less than that of 240 MHz due to different electrical size of branches and leaves. The work that comprehensively reviewed of channel through trees at microwave to millimeter waves published in [18] summarized that wet foliage produces about 6-8 dB attenuation/meter over the dry foliage that produces about 2-4 dB/meter.
Since, Tx-Rx modules are utilized for both sensing ripeness of fruit and communications, the low frequency has the large antenna size which may be larger than the size of the fruit. Therefore, the frequencies of operation are 2.45 GHz and 5.2 GHz, the ISM band whose is license free and a number of RF modules are available in the market. Although there are a number of works related to effect of vegetation on propagation channel as aforementioned and in [19] [20] [21] [22] , most of them are focused on propagation channel through the tree canopies. There is a lack of knowledge for propagation in a tree canopy. Therefore, the aim of this work is to investigate the wireless communication channel in a tree canopy which will be used for designing wireless communications between sensor nodes attached to fruits to monitor ripeness and send the information to the node installed beneath the tree. The research on UHF wireless communications in a tree canopy has been conducted [23] . However, information at microwave frequencies has not been presented. Hence, this work performs channel measurement in a tree canopy at 2.45 and 5.2 GHz using angle of arrival estimation, the probability density function (PDF) and the path loss. This paper is organized as follow. Section 2 describes a measurement campaign and a dual-band phased array of switchedbeam elements that will be utilized for angle-of-arrival (AOA) estimation. It will be used to interpret the physical behavior of the channel. Section 3 describes the channel characteristics including probability distribution function of the signal and path loss. Section 4 recommends the suitable system based on the results obtained from the previous sections and conclusion will be in Section 5.
MEASUREMENT CAMPAIGN AND PHYSICAL INTERPRETATION
The measurements were performed in Nonthaburi, Thailand over a period of 3 weeks in April 2011 when it was summer in Thailand. The foliage chosen for this study is mango tree [Mangifera indica] over a flat terrain as a photograph shown in Fig. 1(a) . The geometry of the problem of interest is shown in Fig. 1(b) . The terrain mainly consists of soil and grass. The mango tree is approximately 5.2 m in height. The average tree trunk diameter is around 20 cm.
The measurements were carried out by using continuous-wave transmission at 2.45 GHz and 5.2 GHz. The quarter-wave monopole and half-wave patch antennas with a typical gain of 2.15 dBi and 4 dBi, respectively, were used for transmission at both frequencies. They were connected with a transmission line that was connected to a signal generator. The antennas were fastened at the branches of the tree. The positions of transmitting antennas were changed whereas the receiving antenna was fixed at the height of 1.4 m. The signal was transmitted from an Agilent N5182A signal generator through a 20 dB amplifier before being fed into the transmitting antenna. At a receiver, the AoA estimator was used for estimating the angle of arrived signal at both frequencies. An Agilent E4403B spectrum analyzer was used for measuring the received power at 2.45 GHz with an amplifier of 20 dB gain. At the frequency of 5.2 GHz, an Agilent 8592L spectrum analyzer was used for measuring the received power with 20 dB gain amplifier. Measurement paths were divided to three conditions. Environment of each path was different depending on a number of foliage and branch that directly affect the characteristics of the channel. The detail of each condition is described as follow.
Path A is the non-line-of-sight channel. The wave from the transmitter cannot propagate directly to the receiver because it was covered by foliage. The distance from positions A1, A2, and A3 to the receiver are 1.6, 2.2, and 2.8 m, respectively. The angle θ A with respect to z axis is 35 • , and angle φ A with respect to x axis is 165 • . Path B is the line-of-sight channel where the wave from the transmitter can propagate to the receiver without obstacle. Some part of the path was slightly blocked by foliage and a few small branches. The distance from positions B1, B2, and B3 to the receiver are 1.5, 2, and 2.4 m, respectively. The angle θ B with respect to z axis is 45 • , and angle φ B with respect to x axis is 135 • .
Path C is the non-line of sight channel. The wave from the transmitter cannot propagate directly to the receiver because it was covered by foliage, big branches, and small bunches. The distance from positions C1, C2, and C3 to the receiver are 1.2, 1.9, and 2.7 m, respectively. The angle θ c with respect to z axisis 45 • and angle φ c with respect to y axis is 6 • .
A dual-band AoA estimator consists of three main parts, i.e., receiver, interface, and display. The receiver utilizes a dual-band phased array of switched beam elements having four dual band patch antennas arranged as a circular array. The phase shifters for feeding each element are fixed at ±95.5 • to cover a beam in two quadrants in front of the antenna. By changing the feed probe position at each element, radiation patterns of the array can be switched. The RF power detector transforms the received power to D.C. signal and is delivered to a microcontroller board. The ratio of the measured path gains is used to compare with the ratio of the patterns for the same beams. Knowing the region and the angle range of the region, the AOA can be obtained by finding the smallest difference between the measured maximum path gain ratio and the antenna pattern ratio for the corresponding region [24] . The detail of this AOA estimator is described in [25] . The RF signal is down converted to low frequency and converted to digital signal. A P89V51RD2 microcontroller was used for controlling antenna patterns and interfacing the receiver with the display on a personal digital assistance (PDA). The accuracy of this AOA estimated is ±5 • . It should be noted that AOA estimations were calibrated for the elevation angle of 45 • . Measurement in other directions may cause an error.
The AOA were estimated for 1500 times at each position; A1, B1, and C1, see Fig. 2(a) . The AOA for 2.45 GHz and 5.2 GHz are plotted in Fig. 2(b) and Fig. 2(c) , respectively. In each figure, the corresponding AOA for positions A1, B1 and C1 are shown. The black lines show direction and field strength whereas the figures in the parentheses illustrate the number of occurrence in such direction.
The field strength is plotted from the average value of field strength obtained from the number of occurrence in such direction. All the field strength in Figs. 2(b) and (c) are normalized to the same reference value. For illustration, Fig. 2(b) estimator at the angle 170 • , as in Fig. 2(b) . Since A1 is the nearest position, the field strength is strong. Fig. 2 Fig. 2(a) , the nearest direct path of C1 should be 60 • but due to diffracting and scattering from a big branch along the path, the strongest signals in Fig. 2(b) are in directions 79 • and 40 • , respectively. In addition, the field strength is markedly reduced due to attenuation in leaves and the received signal is scattered wave from the branch. Note that AOA for A2, B2 and C2 are similar to those of A1, B1 and C1 in the corresponding paths. However, those for positions A3, B3 and C3 are different due to the longer distances posses more multipath components.
For 5.2 GHz, the wavelength is about 5.8 cm and the length of leaf is about two wavelengths. Hence, the AOA estimator received signal from many directions. The signals arrives the AOA estimator in Fig. 2(c) It is evident that the channel in a tree canopy is a multipath channel. At both frequencies, there is a direct path signal and many multipath signals. Since the leaves can be represented as thin discs [26] , electrical dimensions of leaves and branches at 5.2 GHz are larger than those of 2.45 GHz, resulting in more scattered waves and hence multipath signals. Although the General Extreme Value function gives the best fit to the measured data, the channels for both frequencies possess multipath signals which generally can be explained by Rician function. Therefore, the Rician channel which Rician factor (k-factor) is a ratio of power in direct path to power in multipaths [27] will be discussed. From the measured results, the k-factors for 2.45 GHz and 5.2 GHz can be estimated as listed in Table 1 in Section 3. The physical behavior of the channel can be interpreted simply by using the AOA estimation. The accurate k-factor will be elaborated in Section 3.
CHANNEL CHARACTERIZATION
In wireless communication, signal arrives the receiving antenna consists of direct and multipath signals reflecting, scattering and diffracting from environments. These result in fading of signal when they are destructively combined with the direct signal. Channel can be characterized statistically where generally it can be divided into line-ofsight and non-line-of-sight channels. The typical channels are Rician, Rayleigh, Nakagami, Lognormal [15, 17] . However, some functions are used to represent channel through foliage, e.g., General Extreme Value, Inverse Gaussian, Weibull [12] . From the procedure described in Section 2, signal along path A at positions A1, A2 and A3; path B at positions B1, B2 and B3; and path C at positions C1, C2 and C3 were measured at 2.45 GHz and 5.2 GHz. Two thousand samples were measured in each condition then the PDF, normalized to mean voltage for each position, were plotted in Fig. 3 for 2 .45 GHz and in Fig. 4 for 5.2 GHz. The PDF in Fig. 3(a) and Fig. 3 signal on path C which the Nakagami, General Extreme Value, Weibull and Inverse Gaussian functions are plotted on the same graph. We plotted these functions since they provided the best match with the measured PDF. The error can be estimated by the root mean square error (Erms) between sampled PDF with the known functions [17] .
For the results of 5.2 GHz in Fig. 4 , General Extreme Value, Nakagami, Inverse Gaussian and Lognormal functions are plotted with the sampled PDF. The Erms are listed in Table 2 . For 2.45 GHz; Lognormal, General Extreme Value and General Extreme Value provide the best fit to the sampled PDF in path A, path B and path C, respectively. For 5.2 GHz, General Extreme Value is the best fit to sampled PDF in path A and B whereas path C is Lognormal. We used these functions to model the channels in different situations and frequencies. Note that Rician distribution has slightly higher Erms, but it is convenient to describe behavior of the channel. The k-factors for both frequencies at the mentioned paths are listed in Table 1 . The k-factors of path B are highest due to no obstacle along the path. Path C has the lowest k-factor since there is a branch between the transmitting and receiving antennas. Those for 5.2 GHz have lower k-factors due to electrical size of leaves and branches are larger than those at 2.45 GHz. This information essentially supports the physical interpretation in Section 2. In addition, these PDF models will be used to calculate cumulative distribution function (CDF) that represents the probability the signal being less than the specified level that will be used for estimating reliability of the wireless communication system. It is noted that k-factors obtained from the AOA estimator have lower values than those from PDF data since they were estimated from the ratio of power in direct path to power in multipath. Nevertheless, it clearly interprets physical behavior of the channels.
To design the link budget, the path loss along with transmitter and receiver parameters must be known. To evaluate path loss, a setup in Fig. 5 was set. Signal levels at three positions along path A, B and C at both frequencies were measured. Then, they were converted to path loss using Equation (1). The path loss at 2.45 GHz and 5.2 GHz are illustrated in Figs. 6(a) and (b) , respectively.
where P T is transmit power ( The path loss exponents at 2.45 GHz for the path A, B and C in Fig. 6(a) are −8.5, −3.5 and −3.5, respectively, whereas the corresponding path loss exponents for 5.2 GHz in Fig. 6(b) are −16, −5 and −4.5, respectively. The higher frequency of 5.2 GHz possesses higher path loss than the lower frequency of 2.45 GHz since attenuation in leaves is higher than at 2.45 GHz. In addition, the scattered waves from leaves contribute to multipath components. Consequently, kfactor in path A is lower than the other paths. However, comparing between 2.45 GHz and 5.2 GHz, the former possesses higher k-factor due to less power of scattered components than the former one. For path B and C, path loss is lower than path A due to less density of leaves. Path loss has dominant effect from the stem and branches. It is relevant that 5.2 GHz has higher loss than 2.45 GHz.
The effects of trunk (path B) and branches (path C) for 2.45 GHz in Fig. 6(a) contribute to path loss exponents in the order of 3.5 which is comparable to the value in the range of 2.48-3.60 existing in literature [20] . However, 5.2 GHz in Fig. 6(b) possesses higher path loss exponent than for 2.45 GHz due to the larger electrical size of branches and trunk. Hence, the higher attenuation and scattered wave are obtained. The obtained results are higher than those from literature (at 5.8 GHz) of 3.3 to 3.6 [28] . The differences are attributed from the different trees, different frequencies and different environments since this work installed a transmitter in a tree canopy.
This information can be used to design the transmitting power once the distance in each situation, sensitivity of receiver, gains of the antennas used, are specified. However, reliability of the system will be ensured when the CDF of the signal from the models are estimated. 
SYSTEM DESIGN
Since the sensor nodes must be small for installing with a fruit, the antenna size is limited, and consequently gain is low. However, using an omnidirectional antenna like a monopole antenna has a possibility to transmit signal in many directions. Microstrip antenna, possessing small size and light weight, has directional pattern that can mitigate multipath signal better than the monopole antenna. In this section, effect of antenna pattern on performance of the system in various channels will be discussed. A microstrip antenna was installed at the same position with the monopole antenna to transmit signal for 2,000 samples and the CDF curves were plotted. Fig. 7 shows the results for 2.45 GHz whereas Fig. 8 shows those for 5.2 GHz. Let consider Fig. 7 (a) in which path A consists of many leaves. Thus, Rician channel having moderate k-factor of 7.65 dB is used. The path gain was measured by taking the difference between the monopole antenna and the microstrip antenna at the outage of 1%. Using directional antenna provides better performance than the omnidirectional antenna, i.e., higher path gain of around 3 dB with reliability of 99% when a microstrip antenna was installed to have main beam directed to the receiver. The path gain reduced 1.3 dB and 2.7 dB when the main beam of the microstrip antenna was shifted by +45 • and −45 • , respectively. In this case, installing to have main beam in line with the direction of the receiver provided the best performance. For path B in Fig. 7(b) which is the line-of-sight condition, the highest k-factor of 11.26 dB the directional antenna provided higher path gain than the monopole antenna counterpart by 3.1 dB. However, when the main beam was shifted by ±45 • , path gain of the microstrip antenna was lower than that of the monopole antenna. Hence, the microstrip antenna has to be installed to have maximum of the pattern directed to the receiver. In the situation of path C in Fig. 7(c) , there is a branch and there are many leaves on the way between the transmitter and the receiver. The signals arrived the receiver are the scattered signals from the branch and the leaves. Therefore, using the microstrip antenna to receive the direct wave is not suitable and the path gain is less than that of the monopole antenna by about 2 dB. Nevertheless, when the main beam of the microstrip antenna was shifted by ±45 • , path gain is higher than that the monopole antenna by about 3 dB. The behavior of path gain for 5.2 GHz, in general are similar to those for the 2.45 GHz. Path gain in path A and B are achieved when a microstrip antenna is used whereas monopole antenna provided higher path gain than microstrip antenna counterpart in path C. However, the quantity is different as shown in Fig. 8 . Consequently, suitable antenna installation must be considered in a specific path. From the above results, we may conclude that the microstrip antenna is suitable for this application. In general, it will be installed to direct the main beam to the receiver. For the non-line-of-sight case, it should be installed so that main beam is shifted by possibly be ±45 • .
In the system design, antenna pattern and sensitivity of the receiver must be known. Path losses in Fig. 6 are used to calculate basically how much power will be transmitted for each specific node. Then, channel models suitable for the specific path will be selected to plot CDF curves to find reliability of the system when margin from environmental effects are taken into account. Finally, suitable antenna pattern installation at a specific node must be concerned. Typically, the main beam of the antenna is installed to point to the transmitter except the case there are branches on the way between the transmitter and the receiver, the antenna pattern must be slightly shifted. From these considerations, a reliable wireless communication system in a tree canopy can be accomplished.
CONCLUSIONS
From the desirable of wireless communications in a tree canopy, this work investigated channel models on a mango tree which represented a tree with moderate leave and branch size. Measurements of path loss and field distribution at 2.45 GHz and 5.2 GHz were performed. By cutting branches and leaves, three types of channel, i.e., leaves are majority, branches are majority, and combination of leaves and branches, are presented. Angle of arrival of signals can clearly interpret physical behavior of the channels. PDF curves were plotted to match with the known distribution functions. It was found that mostly General Extreme Value had the best matched at 2.45 GHz and 5.2 GHz. Physical interpretation whether the channel be either line-of-sight or non-line-of-sight, Rician distribution was utilized incorporated with angle of arrival estimation. The results from this work enable one to design a reliable wireless communication system in a tree canopy that is essential in fruit pre-harvesting control.
